The disappearance of bacteria from the normal urinary bladder is apparently a function of two host defense mechanisms: the mechanical clearance of organisms by voiding, and the antibacterial activity of the bladder wall. This study quantified the relative contribution of each of these mechanisms to the resistance of the bladder to bacterial infection. 32 Phosphorus-labeled E. coli. S. aureus, and P. mirabilis were each injected into the urinary bladders of unanesthetized female guinea pigs. At intervals after voiding, the bladders were removed, washed, homogenized, and assayed for residual radioactivity and viable bacteria. Mechanical clearance was measured by the changes in total radioactive count. Antibacterial activity was quantified by comparing the bacterial to radioactive ratios of the original bacterial inoculum with similar ratios in the bladder homogenates.
A B S T R A C T The disappearance of bacteria from the normal urinary bladder is apparently a function of two host defense mechanisms: the mechanical clearance of organisms by voiding, and the antibacterial activity of the bladder wall. This study quantified the relative contribution of each of these mechanisms to the resistance of the bladder to bacterial infection.
32Phosphorus-labeled E. coli, S. aureus, and P. mirabilis were each injected into the urinary bladders of unanesthetized female guinea pigs. At intervals after voiding, the bladders were removed, washed, homogenized, and assayed for residual radioactivity and viable bacteria. Mechanical clearance was measured by the changes in total radioactive count. Antibacterial activity was quantified by comparing the bacterial to radioactive ratios of the original bacterial inoculum with similar ratios in the bladder homogenates.
MNore than 99.9% of the bladder inoculunm1 was rapidly excreted and about 0.1%7 (104) (105) orga- nisms remained attached to the bladder wall. Of those E. coli attached to the bladder, rapid sequential reduction in viability occurred and reached a level of 85% loss at 30 min after inoculation. 4 hr after challenge, less than 10% of those organisms still attached to the bladder mucosa remained viable.
P. nzirabilis was handled with equal facility, but S. auireuts showed a reduction in viability of only 467c at 1 hr and 677c at 4 hr after inoculation. 6 INTRODUCTION Multiplication of bacteria within the bladder may lead to ascending infection of the urinary tract by spread of bacteria up the ureters and invasion of the kidneys (1, 2) . Clinical observations and laboratory studies in man (3) and experimental animals (4) have confirmed that when bacteria are introduced into the bladder, they often disappear from the urine. Those instances in which the genitourinary tract fails to rid itself of bacteria may be viewed as instances of a failure of host mechanisms of resistance to bacterial infection.
A significant part of bladder defense is the capacity to excrete large numbers of organisms in the urine (5) . However, the quantity of bacteria remaining in the bladder after voiding is sufficient, if its growth is uninhibited, to perpetuate infection. The fact that the bladder does become sterile suggests that there is an additional mechanism which deals with those residual organisms. The experiThe Journal of Clinical Investigation Volume 47 1968 2689 ments of Vivaldi, Mufioz, Cotran, and Kass (6) and of Cobbs and Kaye (7) indicate that the bladder exerts a bactericidal action on bacteria, although this concept has been disputed by Paquin, Perez, Kunin, and Foster (8) and by Mulholland, Foster, Gillenwater, and Paquin (9) . In all previous studies the experimental animals were anesthetized and manipulated surgically. Furthermore, since such studies were concerned with the antibacterial action of bladder mucosa, as distinct from voiding mechanisms, there has been no study of the interactions between voiding and antibacterial defense systems within the bladder.
A simple model has been developed in this laboratory that permits the use of normally voiding infected animals. Radiolabeled bacteria are introduced into the bladder and the relative numbers of organisms removed mechanically by voiding and rendered nonviable by the bladder wall are determined. With this model, evidence of rapid and efficient killing of bacteria by the bladder was obtained, and the interaction of this mechanism with the voiding mechanism was assessed. A series of experiments attempted to identify the nature of this antibacterial bladder activity.
METHODS
Guinea pigs and rats were inoculated intravesically with a radiotracer-labeled overnight broth culture of E. coli, P. mirabilis, or S. aureus. At intervals after the inoculation the animals were killed and the bladders removed.
Quantitative measurements of radioactivity and of viable bacteria were made on the original inocula and bladder homogenates. From these data, the antibacterial effects of voiding and of bladder mucosa were calculated.
Preparation of radioactive inocuitui. The strain of E. coli used in these experiments was obtained from the urine of a patient with acute pyelonephritis; the strains of P. wirabilis and S. autreus used were laboratory strains (10) . In some experiments, a strain of E. coli 055 was used, and this is noted in the text. In preparation for each experiment, a loopful of bacteria was transferred from a fresh agar slant culture to a 125 ml Erlenmeyer flask containing 20 ml of culture medium. The medium consisted of casamino acids, proteose peptone, and dextrose, prepared as previously described (11) . The bacteria were grown overnight at 37'C in a shaker water bath and labeled with 32P during growth (11) . The labeled bacterial suspension was centrifuged, washed three times in phosphate buffer at pH 7.4 to remove all unattached label, and resuspended in neutral phosphate buffer. This suspension was used as the bacterial inoculum.
Infection of animals. Female guinea pigs (275-300 g) were tied on their backs, and a No. 90 polyethylene catheter was inserted per urethra into the bladder. A No. 20 needle was fitted securely into the catheter and 1 ml of the radioactive inoculum was injected into the bladder. The catheter, which remained in place for about 20 sec, was then removed. The animal was returned to its cage and allowed to void spontaneously.
A similar procedure was used for the infection of female rats (175-200 g, Charles River Laboratories, CD strain). The technique differed only in that a No. 26 1Y2 in. blunted needle was used instead of a catheter, the inoculum was only 0.1 ml, and ether anesthesia lasting about 1 min was utilized during catheterization.
Preparation of tissue. The peritoneal cavity was entered under aseptic technique, the bladder was exposed, and the vesical neck clamped. The bladder was removed along with any residual urine within the lumen. With a No. 27 needle, the urine was aspirated, and a 1 ml aliquot of sterile neutral phosphate buffer was injected into the bladder and removed by aspiration. This procedure was repeated three times with separate volumes of buffer. The total aspirate was combined with residual urine and labeled "washout." The clamp was then removed, and the bladder incised. With the mucosa exposed, the tissue was passed through three baths, each containing 2-ml of sterile phosphate buffer. The washed bladder was then homogenized in a ground glass homogenizer tube containing 2. Calculation of bacterial killing. The bactericidal activity of urinary bladder mucosa was determined by the method of Green and Goldstein (11) . The radiotracer served as an inert marker to enumerate the total number of organisms in the original inoculum and the bladder. The bacterial killing in each bladder was calculated from the ratio (RI) of viable bacterial count to radioactive count in the original inoculum (I), compared with the ratio (RB) found in the homogenate of bladder (B) obtained from the infected animal. The ratio (RB) divided by the ratio found in the inoculum (R,) gives the per cent change in the proportion of viable bacteria attached to the bladder wall, during the elapsed time interval after infection. Thus:
( and an additional 10-fold loss of viability within the bladder (column 4).
RESULTS
Number of organisms removed by voidbig. Animals infected with 1 ml containing about 109 bacteria voided within 10 min after challenge. The total number of bacteria remaining in the bladder after micturition was calculated from the radioactive counts present in the bladder homogenate and residual urine ( Table 1 ). The difference between this figure and the total radioactivity instilled into the bladder represents the radioactivity removed from the bladder by voiding.
This assumes that all labeled bacteria either remain in the bladder or are voided in the urine. The assumption seems valid since samples of liver, spleen, kidneys, and serum showed either trace or no radioactivity 1 hr after inoculation of organisms into the bladder. total bacteria placed in the bladder were removed by voiding, and less than 0.1%o remained in the bladder. This 0.1%o residuum containing 104_106
organisms was the subject of detailed investigation, since it represented that portion of the infective inoculum with which antibacterial mechanisms of the bladder had to contend. Antibacterial activity of bladder. Table II shows the method of calculating bacterial killing in an experiment in which guinea pigs were inoculated with E. coli and killed 1 hr later. Three aliquots of the inoculum were counted, and the ratio of viable bacteria to radioactive count was determined for each aliquot. The mean of the three aliquot ratios was calculated and served as the mean ratio for the inoculum. It is clear that the ratios obtained from each bladder homogenate are much lower than the mean values of the original inoculum, showing that there has been a marked loss of viability among those organisms attached to the bladder wall. Fig. 2 shows the mean reduction in viability of those E. coli or S. aureus attached to the bladder wall at each time interval. E. coli were killed rapidly on the bladder wall; half of the organisms on the bladder wall 4 min after inoculation were no longer cultivable, and 85% were nonviable 30 min after infection. At 4 hr after infection, the mean reduction in viability was 93%o, and at 6 hr, 91%o.
1 animal of 12 showed bacterial multiplication on the bladder wall at 6 hr after infection.
S. aureus, when introduced into guinea pig bladder, was not killed as rapidly as E. coli. At 1 hr after challenge, the mean reduction in viable organisms on the bladder wall was only 46%, and there was greater variation in the rate of killing from animal to animal than was the case with E. coli. At 4 hr after infection, there was a mean reduction of 67% in viability of those S. aureus remaining attached to the bladder wall. Of the 12 animals killed 6 hr after infection with S. aureus, six showed multiplication of the organisms attached to the bladder wall, so that the mean percentage killed was reduced to only 22%c.
The ability of S. aureus and E. coli to multiply in the bladder urine differed markedly (Table  III) . 4 hr after infection, multiplication of E. coli in the urine was significantly greater (P < 0.05) than the degree of multiplication seen for S. aureus. This is shown in Table III coli were multiplying in the residual bladder urine, the bladder wall continued to exert a bactericidal effect on those organisms attached to its surface; the bladder homogenates at this time showed a 93% reduction in viable organisms. In contrast, although S. aureus did not multiply vigorously in the urine, there was only moderate killing of this organism on the bladder wall 4 hr after infection. That the antibacterial activity of the bladder was not dependent on the species of animal used was shown in a series of experiments with rats. In addition to E. coli and S. aureus, a strain of P. mirabilis that readily causes pyelonephritis in rats was tested in both guinea pigs and rats to determine if it was handled comparably by the bladder. The ability of the bladder mucosa to inactivate different bacterial species is shown in Table IV for animals killed 60 min after infection. The bladders of guinea pigs and rats kill these strains of E. coli and P. nuirabilis with equal facility, and both animal species exert a lesser bactericidal effect on S. aureus.
Methodologic controls. A series of experiments was carried out to exclude several potential sources of error in methods or interpretation of results.
(1) The method depends upon a firm binding of radiotracer and bacterium. Any significant separation would invalidate the meaning of the ratios of bacterial to radioactive counts. Firm binding of radioactive label and organism was demonstrated. Upon recentrifugation of the labeled bacterial inoculum, only 3-5% of the total radioactivity was found in the supernatant phase. 4 hr later, 5-7% of radioactive counts was present in the supernatant phase. There is thus a slow loss of label from viable organisms which does not affect the interpretation of the results. (2) Preferential attachment of killed bacteria or free tracer to the bladder wall might produce misleading results. To determine if nonviable organisms or free label had a greater affinity for the bladder wall than did labeled viable organisms, 32P-labeled viable E. ccli, 32P-labeled heat-killed E. coli, and trypticase soy broth containing 32P as Na2HPO4 but no bacteria, were injected into the bladders of three groups of guinea pigs (Table  V) . One-half of each group was killed within 4 min after inoculation, and the residual inoculum was removed by aspiration. The bladder was washed, homogenized, and assayed for residual radioactivity. The remaining guinea pigs were killed 1 hr after voiding had occurred, and the bladder was handled identically. At 4 min after inoculation and again at 60 min after inoculation, there were no significant differences in the mean amounts of radioactivity attached to from the bladder immediately after injection soy broth and an uninfected guinea pig bladder. through the catheter, no change was noted in the Comparable studies were also done using an inratio of bacterial to radioactive counts from that oculum of about 105 E. coli. The mixture was of the original inoculum. The neutral phosphate ground together for the same duration of time as buffer used to wash the bladders exhibited no in experiments with bladders from infected aniantibacterial activity. The final wash of the bladder, mals, until a homogeneous suspension was obbefore homogenization, contained less than 0.01 % taimed. The results of eight such experiments are of the total radioactivity present in the ho-shown in Table VI . No significant change in bacmogenate. This finding suggested that there was a terial to radioactive ratio was noted in homogenates firm attachment of residual bacteria to the bladder when compared with the original inoculum. wall and that this attachment was not disturbed Homogenates of bladders from uninfected guinea by the process of washing.
pigs or rats were made in 1 ml of trypticase soy To exclude the possible artifact of bacterial kill-broth and incubated with 103 E. coli. There was no ing or clumping due to the process of homogeniza-antibacterial activity. Fig. 3 shows that the growth tion, these experiments were performed. The same curve of these organisms in bladder homogenates inoculum of 32P-labeled E. coli as was injected into over a 4 hr period closely paralleled that in tryptithe living animal (about 109 bacteria) was placed case soy broth alone. in an homogenizer containing 2.5 ml of trypticase These experiments demonstrate that neither the (Table VII) . This the bladder was comparable with the results obtained when er alters the the bladder was left in situ and the inoculum was bacterial ac-removed within 3 min after infection. However, be demon-if the inoculum was removed from the excised bladder 1 min after injection, and the bladder held pig urine. at room temperature or 370C for 1 hr before hoerial proper-mogenizing, the mean reduction in viability of ability of or-these organisms attached to the wall remained at To exclude 55%. The excised bladder did not exhibit the by catheteri-progressive killing of attached bacteria that was gs. To 1 ml seen in the intact animal (Table VII) .
1L suspension
The mean reduction in viability of 55 /c 1 hr The mixture after challenge was unchanged even when the ly one urine bladder was held at 4 or 370 for 2 hr before chal-,ity at 1 and lenge, or when the actual inoculation of the al multiplica-bladder was carried out at 4°C (Table VIII) .
hr ranging Placing killed E. coli into the bladder for 1 hr /ml. Trypti-before to challenge with the same strain of live coli invari-E. coli did not alter the rate of killing of these -3 x 109 bac-viable bacteria attached to the bladder wall.
Vigorous washing of the bladder wall with sterile Experiments phosphate buffer before inoculation of bacteria ers in an at-had no effect on bacterial killing (Table VIII) . )erties of the Effect of immunization. Guinea pigs were im- (Table IX) .
Clhtiipiiig of bacteria. Were bacteria to clump together on the bladder wall, they would grow as a single colony when pour plates were made from bladder homogenates. The falsely lowered total bacterial count produced in this way could account for a reduction in the bacterial to radioactive ratio, and suggest a killing action. To examine (Fig. 4) . Cell counts and sections of the bladder. Bladders were removed from control animals, from animals catheterized and challenged with E. coli, and from animals catheterized and given sterile phosphate buffer into the bladder. Cell counts performed on the "washouts" obtained 1 Effect of varying inoculum size. It was observed in early experiments that those bladders with high radioactive counts often exhibited lower rates of bacterial killing than did bladders with fewer retained radioactive counts. To determine if the nulaber of bacteria attached to the bladder 2 This organism was selected because it had been shown to be killed by the bladder (Table IV) wall affected the rate of bacterial killing, guinea pigs were given into the bladder undiluted, 1: 10, and 1: 100 dilutions of a radiotracer-labeled bacterial inoculum and were sacrificed immediately. It is clear that the bladder possesses intrinsic antibacterial activity. Because the experimental method allowed voiding to occur naturally, the simultaneous study of both bladder antibacterial activity and mechanical clearance of bacteria was possible under physiologic conditions. The reliability of the radiotracer method depends upon firm binding of the radioactive label to the live bacteria. The stability of the label used in the experiments, and the viability of these organisms over the course of experiments has been demonstrated previously for 1'. ntirabilis (10) and in the present studies for E. coli.
Vivaldi et al. (6) , using an exteriorized rabbit bladder to which E. coli was applied in minute volumes, showed significant reductions in viability of the microorganisms 1 hr after application to the mucosa. They further showed, using radiolabeled bacteria, that the label persisted in the bladder wall when viability had decreased, a finding that suggests rapid and efficient killing of bacteria by the bladder mucosa.
Cobbs and Kaye (7), using rats with bilaterally ligated ureters, showed striking antibacterial activity of the rat bladder against two strains of E. coli and lesser activity against a third strain of E. coil and against P. mirabilis. Antibacterial activity was totally abolished if the bladder outflow tract was obstructed.
In contrast, Mulholland et al. (9) The mechanisms of the antibacterial activity of the bladder are as yet unclear. Clumping of bacteria, such that many organisms form a unit that will grow as a single colony on agar, has been suggested as a means of accounting for the reduction in viability seen in experimental models. However, histologic sections and impression smears failed to demonstrate clumping in experiments in which clumps as large as 100 bacteria would have to be invoked to explain the reduction in viable numbers of organisms.
A possible mechanism for reduction in viable numbers of bacteria in the bladder could be phagocytosis and killing of organisms by leukocytes, or by bladder mucosa. Cobbs and Kaye (7) demonstrated an inflammatory response that occurred in the bladder after bacteria were introduced. These investigators demonstrated histologic evidence of inflammation 2 hr after introduction of bacteria into rat bladder and an increase in polymorphonuclear leukocytes in the bladder "washout" 4 hr after infection. In the present study, reduction in viability occurred within a few minutes and no evidence of an inflammatory reaction was seen even 1 hr after infection, when only a rare leukocyte could be recovered by washing the bladder wall. Thus, at a time when 85-90%/c reduction in viability of the bacteria attached to the bladder wall had occurred, no evidence of inflammation or of polymorphonuclear leukocyte mobilization was seen. It seems likely that phagocytosis and killing of bacteria do occurs in the bladder over a period of time, but it is difficult to invoke this to explain the extremely rapid reduction in viability seen in the 1st hr after infection. 0. Kunii and E. H. Kass (unpublished data) were unable to show any evidence that bladder mucosal cells could phagocytize bacteria.
The rapid reduction in viable bacteria demonstrated in our model makes antibody a possible mechanism for the antibacterial activity of the bladder. Against this is the evidence that active immunization of guinea pigs with P. mirabilis, which produced significant titers of antibody in the serum, did not enhance the degree of killing of P. mirabilis by the bladder. Further, prior instillation of killed E. coli into the excised guinea pig bladder and subsequent challenge with the same strain of viable E. coli did not alter the reduction in viability of bacteria produced by the bladder. S. aitreus is an organism against which 2698 antibody should not be effective, yet a certain degree of killing of the bacteria occurred on the bladder wall, a finding that suggests again that antibody is not of great significance in this phenomenon. These data indicate that antibody does not play a major role in the antibacterial activity of the bladder.
An alternative possibility might be the presence of organic acids or other substances that might create an environment at the bladder mucosal surface unfavorable to bacterial growth (12) . The antibacterial action of organic acids is related to the number of undissociated acid molecules present. If a critical pH were to be achieved at the interface of bladder mucosa and urine, organic acids (present as end products of cellular metabolism) could exert an antibacterial effect. At present no direct evidence exists to support or refute such a hypothesis.
Although the mechanism for the antibacterial activity of the bladder remains unclear, it can be suggested that a substance (as yet unidentified) exists in the bladder wall which is used and replenished as the intact bladder exerts its antibacterial activity. The following evidence can be cited as support.
When E. coli is placed into the bladder of the intact animal, viability of the bacteria attached to the bladder wall begins to be lost promplty and continues to decrease with time. In contrast, in the excised bladder an immediate reduction in viability ocurs (as in the intact animal), but no further bacterial killing occurs with time. Thus, in the intact bladder the mechanism for bacterial killing is not exhausted, whereas in the excised bladder, after an initial effect, there is a lack of further antibacterial activity.
Secondly, it has been shown that decreasing the size of the inoculum applied to the bladder wall significantly increases the per cent of organisms killed by the wall. This "inoculum effect" again suggests a substance that has a finite capacity to handle a certain number of organisms and whose antibacterial activity may be overcome by increasing the numbers of organisms with which it must contend.
The significance of the antibacterial activity of the bladder in handling an infecting inoculum is still unclear. It is reasonable to think that the antibacterial activity of the bladder acts to inhibit multiplication of organisms between voidings, and by so doing hastens the clearance of bacteria from the bladder. However, in this experimental system S. aureus, which is not a usual urinary tract pathogen in rats (when inoculated into the bladder), was poorly killed by the bladder mucosa, whereas P. mirabilis, a known urinary pathogen in rats, was killed rapidly by the bladder mucosa. It is difficult presently to reconcile these experimental results with the theoretical possibility that the susceptibility of some individuals to urinary tract infection may be due to relatively decreased antibacterial activity of the bladder. Despite these difficulties, it is clear that the bladder possesses intrinsic antibacterial activity. The role and significance of this mechanism in the pathogenesis of urinary tract infections clearly warrants further investigation.
